Microbial transformations of ent-atisene and ent-beyerene compounds were carried out using cultures of R. nigricans and F. moniliforme. Rhizopus nigricans metabolized all of the substrates, at higher yields than F. moniliforme, to give an ent-3 hydroxylation (60-65% for ent-atisenes and 80-85% for ent-beyerenes). Moreover, the double bond of the ent-beyerene skeleton was epoxidized by both fungi at lower yields (3-6%). Fusarium moniliforme produced a number of additional minor products by hydroxylation at other positions.
Numerous papers have been published on the microbial transformations of diterpene compounds, 1 although those devoted to the biotransformation of ent-beyerene [2] [3] [4] [5] [6] [7] and ent-atisene 8, 9 diterpenes are scarce. In previous papers we reported the bioconversion of some entbeyerenes by Rhizopus nigricans and Curvularia lunata. 4, 7 The biotransformation of the 14 -hydroxylbeyerene derivative 4 by R. nigricans gave the ent-15R,16R-epoxy derivative as the main metabolite in limited yield (4%). When the substrates were ent-beyerenes with a ketone function, 7 the main action of R. nigricans was hydroxylation at C-3, although hydroxylations at C-1, C-12, and C-19 were also observed.
We describe herein the results of the biotransformation of ent-beyer-15-ene derivatives with different functions at C-12 by R, nigricans and F. moniliforme. In addition, we report the microbial transformations of various ent-atisene compounds functionalized at C-11, C-16, and C-17 by the mentioned fungi.
Results and Discussion
Acetylation of ent -11 ,16R,17-trihydroxyatis-13-ene (atisideritol, 1) 10, 11 at room temperature gave principally compound 2, the C-11 and C-17 diacetate, and triacetyl derivative 3. When this acetylation was carried out at 0°C and for a shorter time, however, acetate 4 was obtained. Mild saponification of ent-11 ,17-diacetoxy-16R-hydroxyatis-13-ene (2) gave substrate 5, which was the ent-11 monoacetylated derivative. Oxidation of 4 yielded ent-17-acetoxy-16R-hydroxyatis- 13-en-11-one (6) , a new substrate for the following biotransformations. On the other hand, saponification of ent-7R,12R,17-triacetoxybeyer-15-ene (7) 12 gave a monoacetylated compound (8) . The C-17 hydroxyl group was silylated to give the 17-(tert-butyldimethylsilyl) derivative (9) . Oxidation of 9 with CrO 3 -Py under mild conditions gave the 12-oxo intermediate, compound 10, and reaction of 10 with BF 3 -CH 2 Cl 2 yielded ent- 7R-acetoxy-17-hydroxybeyer-15-en-12-one (11) . Both ent-beyerenes 8 and 11 were then used as substrates for the microbial transformations.
Incubation of 5 with R. nigricans for 8 days gave metabolites 12 and 13 and a small amount of recovered 5. Metabolite 12 contained an additional oxygen, as was deduced from its molecular ion peak (m/z 378). Its 1 H-NMR spectrum showed a signal at δ 3.22 (1H, dd, J 1 ) 4.5 Hz, J 2 ) 11.7 Hz) assigned to H-3, and detailed study of the 13 C-NMR data indicated that the new hydroxylation was equatorial at C-3. Thus, an R-effect on C-3 (∆δ +38.1), -effects on C-2 (∆δ +8.5) and C-4 (∆δ +5.3), and γ-effects on C-1 (∆δ -1.5), C-18 (∆δ -5.4), and C-19 (∆δ -4.9) were observed. Metabolite 13 was the result of equatorial hydroxylation of substrate 5 at C-3 and deacetylation at C-11. The structure of 13 was supported by analysis of the 13 C NMR. Thus, the primary action of R. nigricans on substrate 5 was ent-3 hydroxylation. Biotransformation of substrate 5 by F. moniliforme for 12 days gave only the minor metabolite 14. Metabolite 14 had a new hydroxyl group whose geminal proton resonated at δ 3.49 (1H, dd, J 1 ) 5.1 Hz, J 2 ) 11. 5 Hz) . Comparison of the 13 C-NMR spectra of 5 and metabolite 14 indicated that ent-7R hydroxylation had occurred. 13 C-NMR signals were observed for C-7 (R-effect, ∆δ +39.1), C-16 and C-6 ( -effects, ∆δ +9.5 and ∆δ +4.4), and C-14 and C-15 (γ-effects, ∆δ -5.1 and ∆δ -3.7).
Incubation of 6 by F. moniliforme for 12 days gave metabolites 15 and 16. Metabolite 15 was the starting material deacetylated at C-17, and metabolite 16 was a trihydroxylated ent-atisenone with a molecular weight of 334. The 1 H-NMR spectrum of 16 showed a signal at δ 4.04 (1H, ddd, J 1 ) J 2 ) 10.5 Hz, J 3 ) 4.5 Hz) due to an axial proton. The multiplicity and coupling constants of this signal indicated that the new hydroxyl group was situated at C-6 with an ent-6R configuration, and 13 C-NMR effects observed corroborated this conclusion.
Biotransformation of substrate 6 with R. nigricans provided four metabolites: 13, 15, 17, and 18. (Metabolite 13 was also obtained in the biotransformation of 5 by R. nigricans.) Metabolite 15 in this biotransformation was derived via deacetylation of 6 at C-17 with F. moniliforme. Another metabolite (17) obtained from this incubation showed a molecular peak of m/z 378, consistent with an additional hydroxyl group. The 1 H-NMR signal of the proton geminal to the new hydroxyl group at δ 3.21 (1H, dd, J 1 ) 4.6 Hz, J 2 ) 11.5 Hz) indicated an ent-3 -H configuration. Metabolite 18 had a similar signal in its 1 H-NMR spectrum; its hydroxymethylene group was deacetylated. Thus, R. nigricans yields derivatives hydroxylated primarily at C-3 of the ent-atisene skeleton.
Incubation of ent-beyerene 8 with R. nigricans for 12 days gave metabolites 19 and 20 and starting material. The structure of metabolite 19, formed as the result of the hydroxylation of substrate 8, was deduced from its spectroscopic properties. The proton signal geminal to the new hydroxyl appeared in the 1 H-NMR spectrum at δ 3.18 (1H, dd, J 1 ) J 2 ) 7.0 Hz). From the multiplicity and coupling constants of this signal, it was deduced that the new hydroxyl group must be situated at C-3 in an ent-3 configuration. This conclusion was supported by the 13 C-NMR data, inasmuch as 13 C-NMR effects similar to the above were observed for C-1, C-2, C-3, C-4, C-18, and C-19. Metabolite 20 did not present signals assignable to a double bond in its 1 H-NMR spectrum, but the spectrum contained signals consistent with an epoxide group and a new hydroxyl group. The new hydroxyl was at C-3 in an ent-3 orientation, since its geminal proton was located at δ 3.18 (1H, dd, J 1 ) 6.2 Hz, J 2 ) 8.4 Hz) as in 19. Thus, R. nigricans highly functionalized substrate 8 by equatorial (S) hydroxylation at C-3 and, at a slower rate, epoxidized the 15/16 double bond. When substrate 8 was incubated with F. moniliforme for 17 days, only a minor metabolite (21) and unaltered substrate were isolated. Metabolite 21 also had no signals typical of the 15/16 double bond in its 1 H-NMR spectrum. There were, however, signals at δ 3.37 (1H, d, J ) 3.1 Hz) and at δ 3.14 (1H, d, J ) 3.1 Hz) assigned to both protons geminal to an epoxide group between C-15 and C-16. The structure of metabolite 21 was also confirmed by chemical correlation. Thus, treatment of 8 with m-CPBA gave rise to a product identical to metabolite 21.
Biotransformation of another ent-beyerene substrate (11) by R. nigricans for 12 days yielded metabolites 22 and 23 and starting material. The ent-3R-H axial signal of 23 was located at δ 3.18 (1H, dd, J 1 ) 4.7 Hz, J 2 ) 11. 4 Hz) , and the expected 13 C-NMR effects were observed for the ring A carbons. Compound 23 had spectroscopic properties similar to those of 20. Again, the primary action of R. nigricans on the ent-beyerene skeleton was an ent-3 hydroxylation independent of the function at C-12. When the same substrate (11) was biotransformed by F. moniliforme for 17 days, three minor metabolites were obtained: 24, 25, and 26, along with unaltered 4. In accordance with previous results and with 1 H-and 13 C-NMR spectra of 24, we established that this compound had an ent-15R,16R-epoxy group. The spectroscopic properties of 25 indicated that it was an ent-beyerene compound with a new hydroxyl group at C-1 in an ent-1 configuration. Its geminal axial proton appeared at δ 3.35 (1H, dd, J 1 ) 5.2 Hz, J 2 ) 10.5 Hz) in its 1 H-NMR spectrum. This conclusion was confirmed by the 13 C-NMR effects observed: R-effect on C-1 (∆δ +41.2), -effects on C-2 (∆δ +8.3) and on C-10 (∆δ +5.5), and γ-effects on C-3 (∆δ -2.0), on C-9 (∆δ -2.7), and on C-20 (∆δ -4.3). Metabolite 26 had the same function as 25 at C-1, and its C-7 hydroxyl group had been deacetylated. The structure of 24 was also corroborated by chemical correlation, since treatment of the ent-beyerene compound 11 with m-CPBA gave a product identical to 24. Another product appeared in this epoxidation (27) as the result of a Baeyer-Villiger process. Thus, we conclude that the primary action of R. nigricans on ent-atisene and ent-beyerene compounds, having the C-ring highly functionalized, is ent-3 hydroxylation.
MeOD (which also provided the lock signal) in Brucker ARX-400 and Brucker AM-300 spectrometers. The assignments of 13 C chemical shifts were done with the aid of distortionless enhancement by polarization transfer (DEPT) using a flip angle of 135°. Si gel SDS 60 A column chromatography (40-60 µm) was used for flash chromatography. CH 2 Cl 2 or CHCl 3 containing increasing amounts of Me 2 CO was used as the eluent. Analytical plates (Si gel, Merck 60 G) were used for TLC analysis, and spots were visualized by spraying with H 2 -SO 4 -AcOH, followed by heating to 120°. Starting materials for this work, ent-11 ,16R,17-trihydroxyatis-13-ene (1) and ent-7R,12R,17-triacetoxybeyer-15-ene (7) , were isolated from Sideritis granatensis using published procedures. [10] [11] [12] Organism, Media, and Culture Conditions. Saponification of ent-11 ,17-Diacetoxy-16r-hydroxyatis-13-ene (2). Compound 2 (700 mg) was dissolved in 25 mL of a MeOH-H 2 O (30:70) with 5% of KOH. The reaction was maintained at room temperature for 5 h, after which time it was neutralized, extracted with CH 2 Cl 2 , dried with anhydrous Na 2 SO 4 , and purified by flash chromatography, yielding 630 mg of 5 (90%).
ent-11 -Acetoxy-16r,17-dihydroxyatis-13-ene ( 88 Journal of Natural Products, 1997, Vol. 60, No. 2 García-Granados et al. Silylation at C-17 of ent-7r-Acetoxy-12r,17-dihydroxybeyer-15-ene (8). Compound 8 (900 mg) was dissolved in 10 mL of pyridine and TBDMS (590 mg) was added. The reaction was maintained at room temperature for 24 h, and it was stopped by addition of a few drops of MeOH. The reaction mixture was extracted with CH 2 Cl 2 and dried with anhydrous Na 2 -SO 4 . After flash chromatography, 830 mg of 9 (90%) was obtained.
ent-7r-Acetoxy-12r-hydroxy-17-(tert-butyldimethylsilyl)beyer-15-ene ( Oxidation of ent-7r-Acetoxy-12r-hydroxy-17-(tert-butyldimethylsilyl)beyer-15-ene (9). CrO 3 (4200 mg) was added to a stirred solution of 800 mg of 9 in pyridine (10 mL Biotransformation of ent-11 -Acetoxy-16r,17-dihydroxyatis-13-ene (5) with Rhizopus nigricans. Substrate 5 (300 mg) was dissolved in EtOH (5 mL) and the solution distributed among five Erlenmeyer flask cultures. These were incubated for 8 days, and the metabolites were recovered and chromatographed on Si to obtain 12 (94 mg, 30%), 13 (97 mg, 35%), and starting material (60 mg, 20% 13 C NMR (δ, CDCl 3 ) 38.6 (C-1), 27.0 (C-2), 78.8 (C-3), 38.7 (C-4), 55.5 (C-5), 19.4 (C-6) , 36.6 (C-7), 39.1 (C-8), 58.9 (C-9) , 39.9 (C-10), 73.8 (C-11) Biotransformation of ent-11 -Acetoxy-16r,17-dihydroxyatis-13-ene (5) with Fusarium moniliforme. Substrate 5 (300 mg) was dissolved in EtOH (5 mL) and the solution distributed among five Erlenmeyer flask cultures. These were incubated for 12 days, and the metabolites were recovered and chromatographed on Si to obtain 14 (22 mg, 7%) and starting material (230 mg, 80%). 
